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Abstract An experimental study is proposed to investigate the effects of balancing and link flexibility
on the dynamics of a mechanism with imperfect revolute joints, that is, joints having radial clearance. A
planar slider-crank mechanism, widely used in vehicle engines, is used in the experimental investigation.
Bearing vibrations are considered to evaluate the reflection of balancing and link flexibility effects on a
mechanismhaving two revolute jointswith clearance. On the other hand, these vibrations aremeasured to
clarify how the balancing and link flexibility feature can decrease the undesired effects of joint clearances.
For this purpose, three accelerometers, an analyzer and a PC are used for measuring the related vibrations
on the main frame. The experimental results show that joint clearance leads to sudden changes in motion
characteristics of themechanism.During small time intervals, these sudden changes cause forces to impact
in the joints of the mechanism with clearance. This also leads to some vibration peaks, and increases
the vibration amplitudes. Furthermore, the flexibility feature of the mechanism link has a crucial role
in decreasing additional vibration arising from joint clearance. Also, the undesired effects of clearance are
reduced to some degree by using the balancing.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Clearance, as an actual joint characteristic, plays a crucial
role and has a significant effect on the dynamic stability, and
the kinematic and dynamic performances, of a mechanism. In
general, each joint is considered as perfect or ideal, that is,
no wear or deformation and no friction. However, clearances
always exist in actual joints, and are known to be sources of
impact forces. These forces not only create increasing vibration
amplitude, but also reduce system reliability, stability, life
and precision. Theoretical and experimental studies about the
effects of joint clearance on mechanical systems have been
undertaken during the last decade.
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doi:10.1016/j.scient.2012.04.011Bauchau and Rodrigez [1] presented a theoretical investiga-
tion for clearance and lubrication effects of revolute and spher-
ical joints. An example has been used to verify the efficiency
and accuracy of the proposed approach. Schwab et al. [2] pre-
sented the dynamic response of mechanisms having revolute
joints with clearance. By considering the rigid and flexible links,
a comparison between several continuous contact force mod-
els and an impact model have been performed. Flores [3] de-
veloped a theoretical method to study and quantify the wear
phenomenon in revolute joints with clearance. The numerical
results show that the wear phenomenon is not uniformly dis-
tributed around the joint surface, owing to the fact that the con-
tact between the joint elements is wider and more frequent
in some specific regions. Flores and Ambrosio [4] presented a
general method for the dynamic characterization of mechan-
ical systems with joint clearance. By using the dynamic anal-
ysis of a slider–crank mechanism having a revolute joint with
clearance, a numerical example was performed to validate the
proposed method. Chunmei et al. [5] analyzed the dynamic re-
sponses of a flexible four-bar mechanism with clearances. Both
the effects of link flexibility and clearance on the dynamic be-
havior of the mechanism have been analyzed simultaneously.
By considering a rigid planarmechanism, Erkaya and Uzmay [6]
evier B.V. Open access under CC BY-NC-ND license.
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BDC Bottom death center
D Hysteresis damping coefficient
Ek Young’s modulus
FN Normal force
FT Tangential force
Fsh Shaking force
Fij Force effect from ith link to jth link
g Gravitational acceleration
hk Material parameters
IGi Inertial moment of ith link
K Generalized stiffness parameter
k Stiffness coefficient of bearing
L Connecting rod length
Msh Shaking moment
mi Mass of ith link
n Unit vector normal to the collision plane
R Crank radius
r Joint clearance
rB Bearing radius
rJ Journal radius
TDC Top death center
t Unit vector tangential to the collision plane
VT Sliding velocity
θi Angular position of ith link
γi Angular position of ith clearance vector
δ Relative penetration depth between journal and
bearing
δ˙ Relative impact velocity
νk Poisson’s coefficient
ζ Restitution coefficient
ν0 Initial impact velocity
µd Friction coefficient
investigated how the joint clearance affects the kinematic char-
acteristics of themechanism. A procedure that ismodelingwith
a neural network and optimizing with a genetic algorithm, is
presented. The obtained results show that the joint clearance
leads to a degradation in the kinematic characteristics of the
mechanism, relative to that of a mechanism without clearance.
In addition, this kinematic degradation can be eliminated, to
some degree, by using the proposed method. Tian et al. [7,8]
presented a new computational methodology for modeling and
analyzing planar and spatial flexible multibody systems having
clearance and lubrication. A continuous contact impact model
has been used to evaluate the contact force. The effectiveness of
the methodology has been demonstrated by numerical exam-
ples. The effects of joint clearances on mechanism path genera-
tion and transmission quality have been investigated by Erkaya
and Uzmay [9,10]. Four-bar and slider–crank mechanisms hav-
ing joints with clearance have been considered as model mech-
anisms, and an optimization procedure has been proposed to
decrease the deviations from the desired path generation and
transmission angle. They have also investigated the dynamic
response of a four-bar mechanism having revolute joints with
clearance [11]. A neural-genetic approach has been proposed to
model several characteristics of joint clearance and determine
the appropriate values of design variables for reducing addi-
tional vibration effects. The results show that the optimum ad-
justing of suitable design variables creates a certain decrease in
shaking forces, and their moments, on the mechanism frame.Khemili and Romdhane [12] studied the dynamic behavior of a
planar flexible slider–crankmechanismwith clearance. Simula-
tion and experimental tests have been carried out towards this
goal. By using an impact-function, the model mechanism has
been developed for simulation tests under the software ADAMS.
An experimental setup has been designed and built to validate
some experimental results. It is clear that, in the presence of
clearance, themechanism responses are greatly influenced, and
the coupler flexibility has a role in the suspension of the mech-
anism. Grant and Fawcett [13] analyzed the effects of lubrica-
tion, material properties and clearance size on the contact loss
in a four-bar mechanism having joint clearance. Experimental
results confirmed the validity of the proposed theoretical ap-
proach. Dubowsky et al. [14] studied a simple system, both an-
alytically and experimentally, to predict the impacts on planar
mechanical systems having joints with clearance. Haines [15]
carried out an experimental study for investigating the dynamic
behavior of a simple journal-bearing with varying degrees of
freedom. By considering the relative motion between the jour-
nal and the bearing, Bengisu et al. [16] investigated the contact
loss in revolute clearance joints of a four-barmechanism. Soong
and Thompson [17] presented a theoretical and experimental
investigation of the dynamic response of a slider–crankmecha-
nism, having a revolute joint with clearance. Erkaya and Uzmay
[18] investigated how the joint clearance affects the mech-
anism vibration and noise characteristics. Microphone and
accelerometers have been used to measure noise and bearing
vibrations of mechanisms. Empirical results show that the joint
clearance leads to a degradation in the noise and vibration char-
acteristics of the mechanism, relative to that of a mechanism
without clearance. For cases of different clearance size and op-
eration speeds, Flores et al. [19] implemented both numerical
and experimental studies to investigate the dynamic responses
of a slider–crank mechanism, having a revolute joint with
clearance.
As seen from former studies,most investigations are focused
on the theoretical kinematics and dynamics of a mechanism
with joint clearance. Experimental studies are also very limited.
In those studies, the effects of link flexibility and, particularly,
balancing are not investigated in detail, upon a mechanism
having joint clearance. The aim of this study is to present an
experimental investigation of joint clearance effects on a planar
mechanism. On the other hand, how can the undesired effects
of joint clearance be reduced to some degree by using these
two design variables, that is link flexibility and balancing? For
this purpose, an experimental test rig is constituted to clarify
the effects of balancing and link flexibility on the dynamics of
mechanisms with joint clearances. Also, bearing vibrations are
measured and evaluated as ameasuring index. The organization
of this paper is given as follows. Section 2 outlines the
kinematics and dynamics of the mechanism and the joint
clearance model. The experimental test rig is summarized in
Section 3. Sections 4 and 5 give the results and discussions,
respectively.
2. Slider–crank mechanism
A slider–crank mechanism, widely used in internal combus-
tion engines, air compressors etc., converts the translational
motion of a piston to the rotational motion of a crank. This
mechanism is also one of the main model mechanisms consid-
ered in former studies to investigate clearance effects. In con-
formity with recent advances, engines used in motor vehicles
work at higher speeds, and, so, dynamic effects, such as links’
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impact mode; and (c) contact with relative penetration (continuous contact
mode).
inertia, have an important role in the kinematic and dynamic
characteristics of the slider–crank mechanism. Excessive loads
acting at link joints cause wear, and, thereby, joint clearances
reach beyond desired values. For investigating clearance effects,
in this study, the slider–crank mechanism is driven by an elec-
tric motor located at the crank, as being in an air compressor.
2.1. Joint clearance model
The existence of clearances in the joints of mechanical sys-
tems is inevitable due to assemblage, manufacturing errors and
wear. An appropriate clearance for joints betweenneighbouring
links of a mechanical system is necessary to allow the relative
motion of the connected links, as well as to permit assembly of
the mechanical system [20]. In this study, it was assumed that
the adjacent mechanism links were connected to each other by
revolute joints. Joint clearance, as shown in Figure 1(b), can be
defined as the difference between journal and bearing radii, and
it is considered a virtual, massless link.
Three different types of motion between the journal and
bearing can be observed during the dynamics of the revolute
joint clearance: (i) free flight mode, that is, journal and
bearing are not in contact, and the journal moves freely
within the bearing boundaries (Figure 1(a)), (ii) impact mode,
which occurs at the end of the free flight mode (Figure 1(b)),
(iii) continuous contact mode in which contact is always
maintained, despite the relative penetration depth between
the bearing and journal (Figure 1(c)). If there is no lubricant,
the journal can move freely within the bearing until contact
between the two bodies takes place.
If the friction is negligible, the direction of the clearance
vector coincides with the normal direction of the collision
plane [6,10]. When the continuous contact mode between the
journal and the bearing at a joint happens, the clearance vector
is equal to the difference between the journal and bearing radii.
But, this assumption is not valid during the whole mechanism
motion, due, primarily, to the relative penetration or free-
flight mode, particularly at the beginning of the motion. In
the presence of clearance at a revolute joint, two kinematic
constraints are lost, and two degrees of freedom, consistingof the horizontal (x) and vertical (y) displacements of the
journal center, with respect to the bearing center, are added
to the mechanism motion [2]. These movements may lead to
uncertainties in the motion of the mechanism, so, additional
constraints are necessary to analyze the kinematics of the
system. The dynamics of a joint having clearance is explained by
two different situations. Firstly, when the journal and bearing
are not in contact with each other, no contact forces are
associated with the journal-bearing. Secondly, when contact
between the two bodies occurs, the contact–impact forces are
modeled according to the non-linear Hertz force law (normal
force), together with the Coulomb friction law (tangential
force) [1,4]. The original Hertzian model does not include any
energy dissipation. In fact, when an elastic body is subjected to
cyclic load, the energy loss in the material causes a hysteresis
loop. Therefore, an extension, including energy loss due to
internal damping, is transferred to the original model [21,22].
FN = Kδ(3/2) + Dδ˙, (1)
where the first term represents elastic forces, and the second
term explains the energy dissipation. K is the generalized
stiffness parameter, δ is the relative penetration depth between
the journal and bearing, D is the hysteresis damping coefficient
and δ˙ is the relative impact velocity. The generalized stiffness
parameter, K , depends on the geometry and physical properties
of the contacting surfaces. The stiffness parameter, K , is
given by:
K = 4
3

hi + hj
  rirj
ri + rj
1/2
, (2)
where the material parameters, hk, are expressed as:
hk = 1− ν
2
k
Ek
(k = i, j) . (3)
νk and Ek are the Poisson coefficient and Young modulus as-
sociated with each body, respectively. The radius of curva-
ture, rk, is taken as positive for convex surfaces and negative
for concave surfaces [2]. The hysteresis damping coefficient is
given as:
D = 3

1− ζ 2 Kδn
4v0
, (4)
where ζ is the restitution coefficient and ν0 is the initial impact
velocity.
Friction forces act when contacting bodies tend to slide
relative to each other. These forces are tangential to the surfaces
of contact and are opposite to the sliding velocity. The friction
force model is expressed as:
FT = −µdFNsgn (VT ) , (5)
whereµd is the friction coefficient and VT is the sliding velocity.
sgn(VT ) is the sign function of the relative sliding velocity
between contact points.
2.2. Kinematic and dynamic analyses of model mechanism
By considering a slider–crank mechanism having two
revolute joints with clearance (Figure 2(a)), the effects of joint
clearances were investigated.
For the case of kinematic analysis, it is necessary to
determine the positions of themass center formoving links and,
then, their corresponding velocities and accelerations. So, in the
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(a) Schematic representation; and (b) vector representation.
Figure 3: Representation of joint forces and bearing models.
case of joint clearance, these positions are derived from vector
representation of the mechanism in Figure 2(b), respectively;
xcG2
ycG2

= A0G2

cos (π + θ2)
sin (π + θ2)

, (6)
xcG3
ycG3

= R

cos (θ2)
sin (θ2)

+ r2

cos (γ2)
sin (γ2)

+ A′G3

cos

θ c3

sin

θ c3
 , (7)
xcG4
ycG4

= R

cos (θ2)
sin (θ2)

+ r2

cos (γ2)
sin (γ2)

+ L

cos

θ c3

sin

θ c3
+ r3 cos (π + γ3)sin (π + γ3)

, (8)
where the superscript, c , denotes the ‘‘value with clearance’’,
R is the crank radius, L is the connecting rod length. γ2 and
γ3 denote the angular positions of clearance vectors. θ c3 is the
angular position of the connecting rod and can be expressed as
a function of θ2, γ2 and γ3 in the following form:
θ c3 = sin−1

−R sin (θ2)+ r2 sin (γ2)+ r3 sin (π + γ3)
L

. (9)
Time-derivatives of the piston positions yield the mass
center velocities and accelerations, respectively [10]:
x˙cGi
y˙cGi

= θ˙2

∂xcGi
∂θ2
∂ycGi
∂θ2
+ 3
j=2
γ˙j

∂xcGi
∂γj
∂ycGi
∂γj
 (10)

x¨cGi
y¨cGi

= θ¨2

∂xcGi
∂θ2
∂ycGi
∂θ2
+ θ˙22

∂2xcGi
∂θ22
∂2ycGi
∂θ22
+ 2θ˙2 3j=2 γ˙j

∂2xcGi
∂θ2∂γj
∂2ycGi
∂θ2∂γj

+
3
j=2
γ¨j

∂xcGi
∂γj
∂ycGi
∂γj
+ 3j=2 γ˙ 2j

∂2xcGi
∂γ 2j
∂2ycGi
∂γ 2j

+
3
j=2
3
k=2
γ˙jγ˙k

∂2xGi
∂γj∂γk
∂2yGi
∂γj∂γk
 (k ≠ j) (11)
where θ˙2 and θ¨2 are the angular velocity and acceleration of
the input link, respectively. j designates the number of joint
clearances. Dynamic analysis of themodelmechanism provides
definition of the joint forces as a function of the input link
position (Figure 3).
When journal and bearing are in contact, a joint force occurs.
In the dynamic analysis of the mechanism, the continuous
contact mode between the journal and bearing is usually
assumed, and the equilibrium conditions of the links are
analyzed by using driving torque and relevant inertial effects.
As seen from Figure 3, equilibrium conditions of each link are
defined as:
Fi(i+1)x + F(i+2)(i+1)x +
−m(i+1)x¨G(i+1) = 0, (12)
Fi(i+1)y + F(i+2)(i+1)y +
−m(i+1)y¨G(i+1) −m(i+1)g = 0, (13)
MG(i+1) − IG(i+1) θ¨(i+1) = 0, (14)
where Fi(i+1)x denote the joint forces exerted on link (i+1) from
link i. According to the theorem, the shaking force is considered
as the reaction of the vector sum of all inertia forces of moving
links associated with the mechanism. Therefore, the shaking
force that is transmitted to the fixed link is given by:
Fshx =

F21x , (15)
Fshy =

F41y +

F21y , (16)
where

F21 and

F41 denote the resultant forces at the joints
of the crank-frame and piston-frame, respectively. The shaking
moment is the reaction of the resultant inertia moment and the
moment of inertia forces. This moment, with respect to Ao, is
given as follows:
Msh = xcG4 i⊗

F41y j + ycG4 j ⊗

F41x i. (17)
3. Experimental study
An experimental test rig, as shown in Figure 4(a), was set
up to analyze the model mechanism. The experimental system
was driven by a 1.5 kWAC electricmotor, and aMitsubishi S500
frequency inverter was used to control the angular velocity. An
encoder was adapted to the shaft of the AC motor for defining
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links.
the angular position of the crank arm. Also, a flywheel was
used to prevent fluctuation of the angular velocity, due to the
impact forces between the journal and bearing at the jointswith
clearance.
Aluminium links were used, and analyses of balancing
and link flexibility on the mechanism with clearances were
implemented. The thickness of the connected rod was reduced,
so as to obtain suitable results associated with link flexibility,
that is 15 and 5 mm thicknesses were considered for rigid and
flexible connecting rods, respectively. Also, a counterweight
was added to the crank link for analyzing the positive effects
of balancing on the mechanism having joint clearances. It
was possible to arrange its dimensions to the crank-frame
joint. Since the developed experimental mechanism was in
conformity with practical purposes, that is, the kinematics of
the slider–crank mechanism had a planar feature, the vibration
characteristics of the main bearings were investigated, using
the 2D mechanism model. This model was widely used in
various investigations [2,3,18,23,24]. At the beginning of the
motion, the slider was at the top dead center [2]. Due to
the gravity force, the journal and bearing centers were not
coincident. Three accelerometers and a data acquisition (Brüel
and Kjaer 4513B type accelerometers, PicoScope 4424 type
data acquisition) were used to measure vibrations on the main
frame, for cases of balanced-not balanced, and rigid-flexible,
mechanism configurations. A block diagram for the vibration
measurement is outlined in Figure 5.
First and second accelerometers measured accelerations in
vertical and horizontal directions at the crank-frame joint,
respectively. Also, the third accelerometer was positioned at
the piston-frame joint to measure accelerations in a vertical
direction. Kinematic and dynamic parameters of the model
mechanism are given in Table 1.
4. Results
Bearing vibrations of a planar slider–crank mechanism
having clearances at two revolute joints have been investigated,
by considering different configurations, that is, balanced-not
balanced, and rigid-flexible link characteristics. Dimensions of
the mechanism links are selected bigger than those of the same
mechanism used in practical applications. The clearance sizeFigure 5: Block diagram for experimental measurement of bearing vibration.
Table 1: Parameters of the slider–crank mechanism having joints with
clearance.
Parameters Description Value
R (mm) Length of crank 150
L (mm) Length of connecting rod 564
m2 (kg) Mass of crank 0.4506a , 2.4388b
m3 (kg) Mass of connecting rod 1.6403c , 1.2123d
m4 (kg) Mass of piston 2.0205
IG2 (kg m2) Inertial moment of crank 0.0018a , 0.0369
IG3 (kg m2) Inertial moment of connecting rod 0.0945c , 0.0847d
a Not balanced.
b Balanced.
c Rigid link.
d Flexible link.
at each joint is also arranged as 1 mm in the experimental
test rig to investigate the undesired effects of joint clearance
in detail. The running speed for the mechanism is arranged
as 150 rpm, by considering mechanism dimensions. When the
input link of the mechanism reaches 150 rpm constant running
speed, experimentalmeasurements are performed. For the case
of a balanced and not-balanced mechanism with a rigid link,
bearing vibrations,measured from the experimental test rig, are
given in Figure 6.
In order to investigate how joint clearance affects motion
characteristics of a mechanism, the accelerations graphs are
given for the case of two periods. As seen from Figure 6, ac-
celeration results are nearly periodic. This is an accurate re-
flection of the continuous contact between journal and bear-
ing. During small time intervals, acceleration peaks occur due
to impact forces. Balancing of the mechanism is important to
decrease the resultant force effects exerted on the mechanism
frame joints. Evaluation of Figure 6 also shows that acceleration
peaks can be suppressed at the balanced mechanism, relative
to the not-balanced mechanism. By considering link flexibility,
empirical vibrations on the main bearings are outlined in Fig-
ure 7 for cases of balanced and not-balanced mechanisms.
As seen from Figure 7, the third measurement point has
the highest acceleration values. This mainly consists of the
superposed kinematic characteristics of joint clearances, that
488 S. Erkaya, İ. Uzmay / Scientia Iranica, Transactions B: Mechanical Engineering 19 (2012) 483–490Figure 6: Bearing vibrations of balanced and not balanced slider–crank
mechanism having rigid connecting rod.
is, the kinematics effects of the crank-connecting rod joint are
directly observed at the joint between the connecting rod-
piston connections. Figure 8 gives the empirical results of the
not balanced mechanism with rigid and flexible links.
The evaluations of Figure 8 show that link flexibility
has an important role in decreasing vibration peaks arising
from impact forces. For cases of balanced mechanisms with
rigid and flexible links, bearing vibrations measured from the
experimental test rig are outlined in Figure 9.
As seen from Figure 9, the link flexibility acts as a suspen-
sion. The inclusion of elasticity in the mechanism can reduce
vibration peaks to some degree with respect to a rigid mecha-
nism. This effect was also noted in literature [2,5,12]. All figures
show that acceleration peaks are collected at two areas during
a period. This consists of the mechanism motion characteris-
tics. The piston moves from the Top Dead Center (TDC) to the
Bottom Dead Center (BDC), also, from BDC to TDC during a pe-
riod. So, the undesired effects of joint clearances can be clearly
observed at the main bearings, due to the variations of motion
directions.
5. Conclusions and discussions
The aim of this study is to investigate how the effects of joint
clearances onmechanisms can be decreased to some degree, by
using both link flexibility and balancing. An experimental test
rig is set up, and bearing vibrations are measured to determine
the positive reflections of link flexibility and balancing on
mechanisms having joint clearances.Figure 7: Bearing vibrations of balanced and not balanced slider–crank
mechanism having flexible connecting rod.
Figure 8: Bearing vibrations of not balanced slider–crank mechanism having
rigid and flexible connecting rods.
Evaluations of the obtained results mainly show that:
(i) Vibration peaks occur for small time intervals, due to
impact forces between the journal and bearing. The
S. Erkaya, İ. Uzmay / Scientia Iranica, Transactions B: Mechanical Engineering 19 (2012) 483–490 489Figure 9: Bearing vibrations of balanced slider–crank mechanism having rigid
and flexible connecting rods.
force peaks arising from joint clearance affect the joint
element surfaces. In cases of dry friction, these force peaks,
particularly, make the wear character of the joint element
surfaces worse. The linear decreasing characteristic in
acceleration during one period of the mechanism motion
can be explained as a result of the Coulomb friction effect.
(ii) Joint clearance causes degradation in the vibration charac-
teristics of the mechanism.
(iii) Contact types between the journal and bearing at the
clearance joint are concluded as continuous contact,
due to the nearly periodic characteristics of mechanism
vibrations.
(iv) Motion characteristics, such as direction variations, play
an important role in increasing the undesired effects of
joint clearance on a mechanism. Particularly, this situation
makes the dynamic performance of the mechanismworse.
(v) Link flexibility and balancing can be used as design
variables to decrease additional undesired effects arising
from joint clearances.
Although flexibility is not preferred as an ideal mechanism,
due to deviations on kinematic and dynamic characteristics,
it is observed that the elastic behavior of the mechanism link
provides a suspension effect for vibrations at themain bearings,
arising from joint clearance. Therefore, the elastic behavior
of the mechanism link can be used to minimize negative
reflections of joint clearances, such as increased vibration
and noise. Experimental results given in this study can be
considered useful tools for the design process of a mechanical
system comprising inevitable joint clearances. In light of this
study, a mechanism designer can almost predict how flexibility
and balancing will be used for decreasing the undesired effectsof joint clearance. In this study, the lubrication effect is not
considered. This phenomenon leads to sudden heat generation
at the contact surface of a joint with clearance. Also, relatively
higher contact forces occur at joints with clearance, due to dry
friction. It is obvious that dry friction has an increasing effect
on wearing. In future studies, it will be possible to investigate
the heat generation and wearing characteristics of mechanism
joints with clearance, by considering little arrangements at the
experimental test rig.
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